Kinetics of the optical and Raman response in YBa 2 Cu 3 O 6.4 were studied during room-temperature annealing following heat treatment. The superconducting T c , dc resistivity, and low-energy optical conductivity recover slowly, implying a long relaxation time for the carrier density. Short relaxation times are observed for the B 1g Raman scattering-magnetic, continuum, and phonon-and the charge transfer band. Monte Carlo simulations suggest that these two relaxation rates are related to two length scales corresponding to local oxygen ordering ͑fast͒ and long chain and twin formation ͑slow͒. ͓S0163-1829͑96͒50734-4͔
Hole doping in YBa 2 Cu 3 O 6ϩx for xϾ0 occurs through occupancy of oxygen chain sites in the CuO-chain layer. As a result, holes transfer to the Cu͑2͒O 2 -plane layer, where most of the metallic and superconducting properties have their origin. Chain-site oxygen vacancies (xϽ1) locally affect the planes; for instance, they cause a charge redistribution around the plane-site Cu͑2͒'s, the effect of which is to broaden the Cu͑2͒ nuclear quadrupole resonance ͑NQR͒ line. 1 The present work uses time-dependent annealing to study how several other plane-related properties respond to changes in chain-site oxygen disorder. Room temperature ͑RT͒ annealing has been observed in oxygen deficient YBa 2 Cu 3 O 6ϩx single crystals rapidly quenched from elevated temperatures (TϷ420 K͒ ͑Ref. 2͒. It is generally believed that the disorder produced by heating is frozen by the fast quench, and that RT annealing results from reordering of oxygen in the CuO-chain layer via diffusion. The reordering lowers the average valence of the chain Cu and transfers holes to the CuO 2 plains. 3 Thus far, the influence of RT annealing has been seen experimentally in the superconducting transition temperature, T c ͑Ref. 2͒, the Raman twomagnon line ͑2-ML͒ and electronic continuum intensity, 4 and various structural 5 and optical 6 parameters. However, a detailed understanding of the kinetics involved has yet to be achieved.
We have investigated the kinetics of several physical properties of underdoped YBa 2 Cu 3 O 6.4 on the same sample during reproducible quench/anneal cycles, and find two characteristic behaviors. One is exhibited by the dc resistivity, T c , and the low-frequency ͑LF͒ optical spectral weight, all of which recover slowly over a few days following heat treatment. In sharp contrast, the optical charge-transfer band ͑CTB͒, the B 1g Raman 2-ML, electronic continuum, and phonon intensity relax rapidly during the first hours of RT annealing. Since the dc resistivity and T c involve the CuO 2 -plane carrier density directly, our results suggest that the rapid relaxation of the second group occurs through a process that is independent of chain-to-plane charge transfer.
Monte Carlo simulations of oxygen ordering in the chains also show two relaxation rates: one fast, corresponding to short-range oxygen order where the correlation length is of order the lattice constant, rϷa; and one slow, where the correlation length is large compared to a. We infer that the fast relaxation processes depend on short-range correlations, whereas long-range oxygen order is important to the slower processes.
The inset of Fig. 1 shows that our YBa 2 Cu 3 O 6.4 single crystal displays a sharp superconducting transition (⌬T c Շ1Ϫ1.5 K͒ at each quench/anneal cycle, despite T c changes from 18 K before the thermal treatment to 2.9 K immediately following the quench. The reproducibility of these results for many cycles indicates that the total oxygen content of the sample remains constant. The homogeneity of the oxygen distribution at the 1 m level was confirmed by micro-Raman experiments.
The optical reflectance at near-normal incidence in the energy range ϭ 0.03-2.25 eV was measured at successive times following thermal treatment using a rapid-scan Michelson interferometer. A Kramers-Kronig transformation 7 was applied to obtain the optical conductivity (t,) from the measured reflectance data. Since variations in the high frequency reflectance (3.8ϽϽ4.3 eV͒ ͑Ref. 6͒ cause changes of less then 5% in the conductivity (t,) for Ͻ2.5 eV, ellipsometric data measured after complete relaxation were PHYSICAL REVIEW B 1 SEPTEMBER 1996-II VOLUME 54, NUMBER 10 54 0163-1829/96/54͑10͒/6901͑4͒/$10.00 R6901 © 1996 The American Physical Society used in the energy range ϭ2.25Ϫ6 eV to make this transformation. The inset of Fig. 2 shows (t,) for YBa 2 Cu 3 O 6.4 at two times t following the quench, t 0 ϭ10 min and t ϱ ͑fully relaxed͒. Immediately after the quench, the largest changes in (t,) are a decrease in the LF spectral weight ͑box 1 in the inset͒, and an increase in the CTB spectral weight ͑box 2͒ ͑Ref. 9͒. The LF spectral weight ͑box 1͒ is comprised of a Drude part due to holes in the CuO 2 planes plus a mid-IR peak associated with chain conductivity. 8 In Fig. 2 we plot as a function of time the variation in effective number of carriers ͑integrated spectral weight͒, ⌬N 1,2 (t)ϭC͐ box1,2 ͓(t,)Ϫ(t ϱ ,)͔d, where the constant C is given in Eq. ͑3͒ of Ref. 9 . We find that ⌬N 2 (t) takes Ϸ100 min to recover to its initial value, whereas complete recovery of ⌬N 1 (t) requires several days. Moreover, the sum ⌬N(t)ϭ⌬N 1 (t)ϩ⌬N 2 (t) during the first ϳ100 min remains approximately constant. These results signify that the transfer of spectral weight from the CTB to LF band occurs quite rapidly relative to the time scale associated with chain-to-plane charge transfer which causes an increase in ⌬N 1 (t) due to increased in-plane carrier density ͑real doping͒. Notably, the monotonic increase in ⌬N 1 (t) at long times may reflect different effective masses for holes in the chain and the plane layers.
Raman-scattering ͑RS͒ data from single-crystal YBa 2 Cu 3 O 6.4 were obtained in 20 s intervals at successive times following the quench using a CCD equipped Raman triple spectrometer. The 2-ML ͑Refs. 10 and 11͒ and electronic continuum 11, 12 spectra were obtained at room temperature, while the 336 cm Ϫ1 phonon-scattering data were taken at 5 K. The inset of Fig. 3 presents the RS spectrum measured at t 0 ϭ6 min after the quench in the xЈyЈ ͑mainly Temporal dependencies of the intensity of the twomagnon Raman scattering line maximum ͑open circles͒ and the background intensity ͑filled circles͒ after the quench. The vertical axis scales are anchored to the time axis at their prequench values ͑i.e., 7.7 for background and 38.5 for 2-ML͒. Inset: Raman spectrum measured in xЈyЈ geometry at tϭ6 min after the quench. Filled region corresponds to broad structureless electronic background.
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B 1g ) geometry. Fig. 3 shows the temporal dependence of the 2-ML and electronic background ͑0.1 to 0.5 eV͒ intensities. An increase of both the 2-ML and low-frequency RS background intensities is observed after quenching; however, the fractional increase is larger for the background than for the 2-ML. Interestingly, the main change in the intensity for both features occurs during the initial 50-100 min, although complete recovery to prequench values takes several days.
At least two characteristic relaxation rates may be extracted from Figs. 1-3 if an exponential temporal dependence of the form A(t)ϪA(t ϱ )ϭ͓A(t 0 )ϪA(t ϱ )͔exp(Ϫt/) is assumed. In order to estimate these times, we have represented the data as
͑1͒
where A(t) is one of the measurable quantities and A(t 0 ) is the first measured value of A just after the quenching. Figure 4͑a͒ plots L A (t) for the optical and RS quantities, and T c . Two distinct relaxation behaviors are clearly seen. The kinetics of T c and ⌬N 1 (t) demonstrate a single long relaxation time, estimated to be Ϸ250 min via a straight line least squares fit to the experimental points in the range tϭ0Ϫ200 min. In Ref. 13 , the kinetics of the dc resistivity and T c during room-temperature annealing were shown to be of the same order. By contrast, the kinetics of 2-ML, background intensity, the integrated intensity of the B 1g phonon and t () in the CTB spectral region demonstrate two relaxation times: an initially short relaxation (Ϸ50 min͒ over the first Ϸ100 min, followed by a considerably slower relaxation.
We attribute the observed kinetics of the several physical properties to diffusion-induced reordering of oxygen in the chain layers. The fast and slow kinetics seen in the initial stages of relaxation are assigned to oxygen ordering with correspondingly short and long correlation lengths. To gain further insight, we carried out a Monte Carlo simulation of the oxygen distribution kinetics in the CuO chains of YBa 2 Cu 3 O 6ϩx . We used the asymmetric next-nearestneighbor Ising model, 14 which takes into account three different effective pair interactions between oxygen atoms (V 1 ϭ367 meV, V 2 ϭϪ0.348V 1 , and V 3 ϭ0.159V 1 ) ͑Ref. 15͒. This model has been used previously 15, 16 to show kinetics of chain-oxygen order and also to determine final oxygen structure. 17, 18 We parametrize the results of these simulations in terms of a parameter ␣, which measures how close the structure is to the ordered Ortho-I ͑OI͒ phase. 19 ␣ is defined to be zero when the structure is fully disordered and unity when the structure is in the ideal OI phase. We calculate ␣ for different correlation distances r by comparing, at every oxygen position, the Monte Carlo oxygen arrangement on a square of side 2r to the perfect OI structure. We used up to 5000 Monte Carlo steps on a 128ϫ128 lattice at room temperature, starting with a disordered structure. To compare the calculated and experimental data we defined function L ␣ (t) for the ordering parameter ␣ similar to L A (t) ͓Eq. ͑1͔͒, where t ϱ equals to 5000 Monte Carlo steps. Fig. 4͑b͒ shows the time dependence of L ␣ for different correlation distances r with oxygen content xϭ0. 4 . It is seen that the dependence of L ␣ on time for different r mimics the temporal dependence of the various measured quantities. For long correlation distances, L ␣ demonstrates slow kinetics, whereas the time dependencies of L ␣ for short distances (rϭ1-2͒ demonstrate two rates: fast for the initial stage and much slower at longer times. These two relaxation rates result from the fact that at the initial stage of relaxation only local ordering takes place. Consequently, many little twins ͑a few lattice constants in size͒ appear. This fast process is associated with short correlation lengths r, and the slower kinetics correspond to motion of twin walls which results in the subduction of smaller twins by larger ones. This process is revealed at all correlation distances. 19 Similar results hold for the Ortho-II ordering parameter. As expected, calculations performed for higher values of the oxygen content show less difference between the kinetics at various correlation distances.
The long relaxation times exhibited by the dc conductivity, 13 T c and ⌬N 1 (t) imply that the fast kinetic behavior displayed by the CTB and the B 1g RS features occurs before oxygen ordering in the chains causes significant hole transfer to the CuO 2 planes. Since some rapidly annealing parameters, such as the 2-ML, are believed to have their origins in the planes, we conclude that short-range oxygen ordering in the chains gives rise to short-length-scale changes in the planes without significantly altering the average planar carrier density.
Comparing Fig. 4͑a͒ with Fig. 4͑b͒ , one can conclude that the kinetics for ⌬N 2 (t) and for the B 1g symmetry RS are determined by local oxygen ordering at nearest-neighbor distances. As discussed in Ref. 9 the CTB is most probably due to a local excitation of a hole in the CuO 2 planes from Cu͑2͒ d x 2 Ϫy 2 to the four O͑2,3͒ p x,y states that surround a first-neighbor Cu͑2͒ site. The rapid transfer of the integrated spectral weight from ⌬N 2 (t) to ⌬N 1 (t) suggests partial delocalization of bound carriers.
The 2-ML mainly probes short wavelength magnetic excitations from the vicinity of the magnetic Brillouin zone boundary kϭ(/a,0), which occur via photon-driven superexchange between two nearest-neighboring Cu͑2͒ spins in the antiferromagnetic surroundings. Thus, the CTB and 2-ML both require only short-range antiferromagnetic order which is affected by changes in the local carrier distribution but is independent of the average carrier number. The rather fast kinetics of the Raman B 1g continuum implies that it is also a local excitation, perhaps of magnetic origin, and that it is not related directly to the average carrier number. Phonon interaction with the continuum might explain the observed phonon line intensity kinetics through a Fano-type effect, but a detailed model needs to be formulated to understand this. By contrast, the resistivity, T c , and the LF absorption kinetics are determined by longer distance oxygen ordering connected with the formation of ordered oxygen chains several lattice constants long. The LF band has been shown to be polarized along the chain direction; 9 thus chain fragments of a minimum length are required for this band to occur. Since T c requires coherence over a distance equal to the superconducting correlation length 0 , the similarity of annealing kinetics leads us to conclude that the LF absorption band and the resistivity changes have their origins in phenomena occurring on length scales that are similar to 0 and that are several times larger than those responsible for the Raman features and the CTB.
In summary, we have measured the kinetic behavior of the magnetic susceptibility, the B 1g symmetry Raman scattering ͑2-ML, electronic continuum and the 336 cm Ϫ1 phonon͒, and the optical conductivity ͑LF and CTB͒ of YBa 2 Cu 3 O 6.4 single crystals during room-temperature annealing. The kinetics of the Raman features and the optical conductivity in the CTB region demonstrate fast relaxation ( f ϳ50 min͒. The relaxation time for the resistivity, the LF absorption, and T c is much larger ( s տ220 min͒, implying that there is a nearly constant average carrier number for times less than f . Comparing the measured kinetics with Monte Carlo model simulations we suggest that the shortlength-scale excitations are responsible for the fast processes, such as B 1g symmetry RS and the CTB in the optical conductivity. Longer correlations (rϾ2) are responsible for changing the resistivity, LF optical conductivity and hence the effective carrier concentration. We conclude that several properties of the electronic system in the CuO 2 planes are strongly influenced by the disorder in CuO chains, confirming and extending the earlier NQR work. 1 It would be interesting to study the annealing kinetics of NQR linewidths and data from other local probes. The CuO 2 planes in YBa 2 Cu 3 O 6ϩx for xϽ1 should not be considered to be ''ideal''; significant fluctuations in potential play an important role in various physical properties. The kinetics shown by these properties upon RT annealing provides a new approach for their study in YBa 2 Cu 3 O 6ϩx and perhaps in other high-T c superconductors and related materials.
